Abstract-The modification of a nylon microfiltration membrane with silver compounds for the disinfection of drinking water under dynamic conditions has been carried out, and the antibacterial properties of the modified membranes have been studied. It has been revealed that the initial microfiltration membrane is not capable of complete removal of microorganisms from water. It has been determined that membrane modification with the silver compounds leads to the complete disinfection of the water. In this case, the modification does not lead to a significant decrease in the specific productivity of the membranes. Insoluble silver salts are distributed on the membrane surface in the form of particles from 0.1 to 5 μm. Depending on the type of the silver compound used for the treatment of membranes, the silver content ranges from 5.11 to 9.06 wt %. The most uniform distribution of silver over the entire membrane surface and the maximum content are achieved by treating the membrane with an AgNO 3 solution.
INTRODUCTION
Biosafety concerns are a crucial issue for all the products that can to any extent serve as a nutritive medium for microorganisms.
One of the important water treatment procedures is the disinfection of water, which makes it possible to incapacitate various pathogenic bacteria and viruses present in the water, the metabolic products of which are toxic substances. Currently, to solve this problem, chemical and physical methods of water treatment, e.g., ultraviolet irradiation, ultrasound, microwave irradiation, ozonation, chlorination, and treatment with copper, nickel, zinc, and silver compounds are mainly used or integrated water treatment combining several techniques is applied [1] [2] [3] [4] [5] [6] [7] [8] .
Membrane filtration is the most effective technique for the disinfection of water and medicinal fluids. A microfiltration process with membrane pore sizes of 0.1-0.45 μm is used to remove bacteria, while nanofiltration membranes with a pore size of less than 1 nm are used for the removal of viruses. Apparently, the advantages of membrane methods in comparison with traditional methods are high efficiency and rate of disinfection, low power consumption, absence of secondary contamination of water with the reagents, and simplicity and compactness of the equipment.
The membranes for the disinfection of water can be either disposable or reusable. Both thin-film membranes and membranes on a porous substrate are used for the disinfection of water. The designs of membrane elements can be in the form of flat films, corrugated elements, tubes, and cartridges. Films made of cellulose acetate, nylon 66, nylon 6, polyvinylidene fluoride, polysulfone, polypropylene, and polyether sulfone are used as membrane materials [9] [10] [11] [12] .
Microfiltration membranes with a pore size of 0.45 μm are applied to the disinfection of water. After it was found that Brevundimonas (Pseudomonas) diminuta bacteria penetrate through 0.45-μm membranes, a new standard, 0.2 μm, was introduced for sterilization membranes. Later, a bacterium that penetrated through a 0.2-μm membrane when a cell suspension was passed for 60-90 min was found at a microbiological laboratory of Pall (the United States). This bacterium belongs to the Pseudomonas species (Ps. sp). It was isolated, successfully cultured, and shown to be completely retained by a 0.1-μm membrane. In 1960s-1990s, some other researchers also found that various microorganisms can penetrate a 0.2-μm membrane. It turned out that microorganisms shrink in some cases, with their linear size being able to decrease by 40%. In connection with the aforesaid, new membranes elements with a pore size of 0.1 μm emerged on the market [13] .
But the decrease in the membrane pore size leads to a decrease in the filtration rate, and this, in turn, leads to an increase in the operating pressure of filtration and additional energy consumption. In this con-Vol. 1 No. 1 2019
nection, a need for the production of membranes possessing high efficiency of the removal of microorganisms at high filtration rates emerges. An effective technique is additional disinfection of water via treatment with silver ions possessing bactericidal properties [14] [15] [16] [17] .
Membranes which are additionally treated with silver ions are characterized by 100% bactericidal activity [15, 18] . Silver particles are precipitated via the reduction of silver nitrate on the surface and in the pores of the membranes. After the treatment of the membranes with silver ions, inactivation (eradication) of bacteria which passed through the pores of membranes during the filtration is achieved. In addition, membranes treated with silver ions are resistant to biological fouling that can lead to a decrease in the permeability of the membranes, an increase in the expenditures for power, and a decrease in the service life of the membranes.
The aim of this work is the modification of microfiltration membranes by silver compounds and investigation of their bactericidal action under dynamic conditions against microorganisms present in water.
EXPERIMENTAL
In this paper, were present data of the first study on the modification of a microfiltration membrane with silver compounds for the disinfection of drinking water and testing the antibacterial properties of the modified membranes.
A thin-film polymer membrane made of nylon (Phenex Filter Membranes, d = 0.45 μm) which possesses high specific productivity and hydrophilicity was chosen for the saturation with silver ions. The contact angle of a droplet of distilled water on the surface of this membrane 53° [19] . The membrane also possesses high porosity (Fig. 1 ). These properties of the membranes should provide a stable silver content on the surface and in the pores of the membranes. The nylon membranes were treated with silver nitrate solutions. The following solutions were used for the membranes treatment: a solution of silver nitrate with a concentration of 1 mol/L, a 1 M silver nitrate solution a solution of NH 4 OH and NH 4 Cl at a 4 : 1 ratio, and a 1 M silver nitrate solution with a solution of Na 2 CO 3 at a ratio of 4 : 1. Mixing silver nitrate with solutions of NH 4 OH and NH 4 Cl or Na 2 CO 3 leads to the formation of suspensions. The saturation with silver ions was carried out under dynamic conditions via filtration of the solutions through the membranes. Under these conditions, silver precipitates in the pores and on the surface of the matrices.
The size of silver particles applied onto the membranes was determined via dynamic light scattering (DLS), and the ζ potential was determined via phase analysis light scattering (PALS) using a Nano Brook Omni analyzer.
Changes in the structure of the membranes were detected using a Jeol JSM-6390 LA scanning electron microscope.
To reveal the presence of silver in the modified membranes, the elemental composition of the surface was studied by X-ray fluorescence analysis using a Jeol JSM-6390 LA scanning electron microscope with an EX-230**BU energy dispersive system.
The specific productivity was determined by passing a certain volume of a liquid through the membrane over 1 min, calculated per 1 cm 2 of active area. The membrane separation process of the water under study was run at an operating pressure of 0.1 MPa with the feed water temperature of 25°C, the dead-end type of filtration, and the conversion of 100%.
Tap water held at 25 ± 1°C for two days was used in testing the bactericidal action of the modified membranes. The number of microorganisms in the water before and after the filtration through the membranes was determined by measuring the total microbial count (TMC). For this purpose, two 1-mL aliquots from each sample were inoculated. After thorough mixing of the water samples, 1 mL each was introduced into sterile Petri dishes while slightly half-opening the lids. After introducing the water, fish peptone agar (FPA) with a temperature of 47 ± 2°C was poured into the dishes, and they were left to allow the agar to settle. Then the inoculated dishes were placed bottom up into a thermostat and incubated at 37 ± 1°C. After 24 h, the grown colonies were counted using an optical microscope under a 2× magnification. The concentration of bacteria in 1 mL of test water, CFU/mL, was obtained.
The concentration of silver ions in the membrane filtrate was determined by inductively coupled plasma atomic emission spectrometry using an Agilent 720 ICP-OES instrument. 
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RESULTS AND DISCUSSION
According to the data of Fig. 2 , the size of silver particles in the AgNO 3 solution ranges from 102 to 617 nm. After the addition of sodium carbonate to the solution, a yellow precipitate of silver(I) carbonate with the particle size of the dispersed phase from 455 to 4063 nm is formed. After the addition of the solution of NH 4 OH and NH 4 Cl to the silver nitrate solution, a white precipitate of AgCl is formed with the particle size of 478 to 5142 nm. The average pore size of the initial nylon membrane is 450 nm. As a result of the treatment of the membranes with silver compounds, the maximum adsorption of silver particles on the surface and in the pores will be observed in the case of the treatment with a silver nitrate solution. To determine the presence of silver compounds in the membrane, the composition of the modified membranes was studied. The absolute value of the ζ potential of the AgCl suspension is higher than the value of the ζ potential of the Ag 2 CO 3 suspension, suggesting the stability of the former suspension. Silver chloride particles are less prone to aggregation. Table 2 presents the results of the study of the elemental composition of the surface of the initial and modified membrane via X-ray fluorescence analysis using a scanning electron microscope. The concentration of the elements was determined in the near-surface layer down to the depth of 30 μm at a membrane thickness of 125-170 μm [20, 21] .
According to the data of Table 2 , silver is present in all the treated membranes; the silver content varies from 5.11 to 9.06 wt % depending on the solution used. According to published data [10, 22, 23] , 100% inhibiting action of silver on microorganisms is achieved at its content of 0.63-4.8 wt %. The maximum silver content is observed in the case of the treatment of the initial membrane with a 1 M silver nitrate solution.
After the treatment of the membrane with an AgNO 3 solution, silver is uniformly distributed in the form of particles from 0.1 to 1.5 μm over the entire surface, but there are some area of buildup of silver compounds of 10 to 50 μm in size (Fig. 3a) . In the case of the treatment of the membrane with a suspension of Ag 2 CO 3 , nonuniform distribution of silver compounds with particle sizes from 0.5 to 4 μm is observed on the membrane surface. After the treatment of the membrane with an AgCl suspension, silver compounds do not fully cover the membrane surface and distributed as the only continuous band with particle sizes from 2 to 5 μm. The particle sizes of silver compounds measured by X-ray fluorescence analysis agree with the data obtained via dynamic light scattering of the suspension of silver compounds.
Below, the results of measurement of the specific productivity of the membranes after the modification by silver compounds are presented (Table 3 ).
The treatment with the silver compounds leads to an insignificant decrease in the specific productivity of the membranes. The maximum productivity is It is seen from Table 4 that the TMC is decreased 23-fold by the filtration of the water through the nylon membrane. After the treatment of the membrane with silver compounds, the TMC in the membrane filtrate decreases to zero. This can be explained by the fact that the silver particles present on the surface and in the pores of the membrane provide the high surface concentration of silver ions; it is this concentration that determines the enhancement of chemical activity of silver particles against the microorganisms present in the water.
The mechanism of action of silver ions on microorganisms described in [17] is explained as follows. Silver ions get into bacteria contrary to the earlier hypothesis that they initially occur in the cell membrane region. The main bactericidal action of silver ions is the interaction with the ribosome and subsequent inhibition of the expression of enzymes and proteins necessary for the production of ATP. In other words, the biosynthesis of protein in the ribosome of the microorganism is violated by the action of silver ions, which leads to the cell death.
The entry of silver ions into the filtered distilled water from the membranes modified with the AgNO 3 solution was determined by atomic emission spectroscopy. The concentration of silver ions in the filtrate does not exceed the maximum allowable concentration of 0.05 mg/dm 3 (the limit according to the Sani- 3 . Apparently, the main part of silver nitrate is oxidized in air to silver oxide or transforms to another sparingly soluble compound, since as the modified membrane acquires a black color; therefore, leaching of silver ions is insignificant.
CONCLUSIONS
In summary, it should be noted that membranes modified with silver compounds possess bactericidal action, which makes it possible to carry out the disinfection of water under dynamic conditions over a short time. The specific productivity of the membranes after the treatment with silver compounds decreases insignificantly from 3 to 12%. The maximum silver content on the surface of the membranes of up to 9 and 8.6 wt % is reached in the case of the treatment of the membrane with an AgNO 3 solution and an AgCl suspension, respectively. Insoluble silver salts are distributed on the membrane surface in the form of particles of a 0.1 to 5 μm size. 
Translated by E. Boltukhina
